Stepwise, synthetic alteration of oxytocin, guided by conformational and enzymological considerations, has led to analogs with specifically modified activity profiles and resistance to enzymatic inactivation. General requirements for the design of peptides with therapeutic value are discussed.
Peptides thus far have not played a major commercial role as therapeutic agents, with certain exceptions such as insulin and adrenocorticotropic hormone (ACTH). However, this situation is rapidly changing as ever more naturally occurring or synthetic low molecular weight peptides with interesting biological activities are being discovered. Additional clinical value can be gained with the development of conceptual approaches for synthetic modification of the molecule in order (i) to endow the analog ideally with only one specific activity (i.e., to change the activity profile of the peptide so that only the desired biological property is expressed, whether agonistic or antagonistic) and (ii) to increase the resistance of the peptide to enzymatic inactivation and to alter tissue distribution, with the hope of prolonging the duration of hormonal actiont. Chemical modifications of the hormonal peptide based on conformational considerations, rather than on an empirical or intuitive approach, should most readily lead to success in obtaining an analog with the required properties.
In the case of neurohypophyseal hormones their proposed preferred conformations (2, 3) suggest that substitutions of amino-acid residues in the corners of the 3-turns of the hormones (positions 3, 4, 7, and 8, which are not primarily involved in the intramolecular stabilization of the peptide backbone and, therefore, are available for intermolecular interactions) would 
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activity profile. Thus, in these analogs certain activities will be enhanced while others will be diminished or even abolished (4, 5) . Because of its compact conformation the 20-membered ring component of the neurohypophyseal hormones is already rather resistant to enzymatic cleavage [e.g., a-chymotrypsin fails. to cleave the 20-membered ring of oxytocin and vasopressin despite the presence of aromatic residues (6, 7); pregnant primates have an arylamidase which slowly cleaves the Cys-Tyr bond (8) , and the S-S bond is susceptible to reductive cleavage (9) ]. In each tissue studied to date, we have found most rapid enzymatic inactivation to occur by hydrolytic cleavage of -CO-NH-linkages present in the acyclic portion of the neurohypophyseal hormones (10) . These findings are in accord with our general considerations of the relationship between the conformation of neurohypophyseal hormones and their susceptibility to enzymatic inactivation (5) .
With this as background we became interested in neurohypophyseal hormone analogs with amino acid residues other than Pro in position 7. First, the Pro residue occupies the one corner of the /3-fold which, in contrast to positions 3, 4, and 8, has not been found to be substituted in the course of evolution of the neurohypophyseal hormone principles (11) ; second, Pro is located in the enzymatically vulnerable, acyclic part of the hormones and substitution of this residue may yield analogs which render the acyclic peptide portion more resistant to enzymatic attack. In the present, initial study biological activities and relative resistance to enzymatic degradationof [7-glycine] oxytocin (12, 13) and [1,6-aminosuberic acid, 7 -glycine]oxytocin (14) are compared with those parameters of oxytocin (the structures of the compounds are given in Fig. 1) . The results require analysis from a point of view of 10 min. In one of two controls 5 ug of peptide dissolved in 0.05 ml of water was added to 0.95 ml of buffer and taken through all the steps including a 60-min incubation period and a 10-min boiling period. In another control the peptide-enzyme mixture was subjected to heat treatment immediately (zero-min incubation experiment). The residual activities of oxytocin and its analogs were tested in the in vitro uterotonic assay by the isotonic contraction method using a Grass polygraph with a Harvard-Heart/Smooth Muscle transducer. All samples were diluted sufficiently to yield approximately 20 mU/ml of oxytocic activity. Peptide samples subjected to digestion were directly compared with the first set of controls described above. The results are expressed as residual uterotonic activity of each peptide (in percent of activity of the peptide in the second control).
specific biological activity and of duration of action in relation to the enzymatic stability of the modified hormone.
MATERIALS AND METHODS
For all standard bioassays the four-point design was used in which the neurohypophyseal extract obtained from the U.S. Pharmacopeia was the reference standard; this extract possesses 2.5 units/ml of oxytocic activity and 2.1 units/ml of rat pressor activity. A minimum of four animals was used for the quantification of the oxytocin-like activities and no less than six animals for the determination of the vasopressin-like activities. Determinations of oxytocic activities and cumulative dose-response curves using isolated uterine horns were performed on rats in natural estrus according to Holton (16) as modified by Munsick (16) , utilizing Mg++-free van DykeHastings solution as bathing fluid. In vivo oxytocic assays were carried out as described by Chan and Kelley (17) . Milkejecting activity was determined on urethane-anesthetized, lactating rabbits following the procedure of van Dyke et al. (18) as modified by Chan (19) . Avian vasodepressor assays were performed on conscious chickens (20) according to the procedure of Coon (21) . The pressor properties of the polypeptides were determined on atropinized, urethane-anesthetized male rats following the procedures of the U.S. Pharmacopeia (22) . The ability of the polypeptides to enhance water transport (i.e., to induce antidiuresis) was examined in In- actin-and ethanol-anesthetized, hydrated male SpragueDawley rats (23) ; maximal depression of the rate of urine flow was taken as the effective response.
RESULTS AND DISCUSSION
Some of the biological activities of oxytocin (I), [7- Table 1 clearly reveal that the replacement of the Pro residue by a Gly residue in oxytocin selectively affects the hormonal activities. Oxytocic and milk-ejecting activities are retained at high levels in II, while vasodepressor, antidiuretic and pressor activities are almost abolished. Additional substitution of the primary amino group and the disulfide bridge in II by a hydrogen atom and an ethylene bridge resulted in a further reduction of activities (Table 1 , compound III). The finding that the substitution of the Pro in position 7 affects certain activities of oxytocin much more than others is in accord with conformationally-based predictions (4). Moreover, the kind and degree of changes in the activities in going from II to III are in line with the results and interpretation of an earlier investigation in which 1,6-aminosuberic acid analogs of neurohypophyseal hormones were compared with their natural congeners (25) .
As the bioassay results showed that only the oxytocin-like activities remained at high levels, further study was focused on the uterotonic activity of the peptides. When the cumulative dose-response curves (26) of I were compared with those of II and III in the isolated rat uterus we obtained the following values: pD2 9.17 ± 0.08, a = 1.00 for I (27) ; pD2 8.15 +-0.12, a = 0.95 + 0.03 for II; and pD2 8.02 + 0.10, a = 1.05 ± 0.02 for III. Thus the 7-glycine-analogs differ from oxytocin in their affinities (pD2 values) for the uterine receptor rather than in their intrinsic activities (a values).
It is striking how 1, II, and III differ in their relative susceptibility to enzymatic inactivation. When the time-course of inactivation of these peptides by homogenates of rat uteri was followed, there was a rapid loss of oxytocic activity with I, a slow loss with II and no detectable loss with III (Fig. 2) From previous studies with rat uterine homogenate we suspect that the rapid inactivation of I is due to glycinamide release (28) , which does not take place with II and III (10, 29) . Probably some degree of disulfide cleavage in II accounts for its slow loss of activity (30, but see also 31). Similar relative inactivation rates were obtained with I, II, and III using crude homogenates of rat kidney and median eminence, toad urinary bladder, and kidney of mouse, hamster, pig, pigeon, and human. Use has been made of the enzymatic stability of III § to screen various biological preparations for either the presence of enzymes which cleave neurohypophyseal hormones at loci not encountered before or for a known kind of enzymic activity (e.g., activities releasing glycinamide or the C-terminal dipeptide moiety §), which would have to be present in the given preparation to an unprecedentedly high degree (10). Our enzymatic findings, in conjunction with the high specificity for smooth muscle receptors exhibited by II and III, suggested that these hormonal analogs would exhibit protracted action and might be useful in inducing uterine contractions leading to labor. This approach could also eventually § Under such severe conditions as treatment with purified achymotrypsin for 24 hr at 370 at a ratio of 1: 1 w/w, the enzyme still was unable to hydrolyze the Tyr-Ile peptide bond, but it removed the glycinamide from I (10). However, recently it was found that a-chymotrypsin inactivated 1,6-aminosuberic acid analogs of vasopressin more rapidly than the parent hormone (7) and that the enzyme hydrolyzes the Tyr-Ile bond in [1,6- yield analogs useful for therapeutic abortions. However, in vitro responses of the rat uterus to single equimolar doses of II are of shorter duration than to I; although III does exhibit protracted responses as compared to II, they are still shorter than those induced by equimolar doses of I (Fig. 3) . Experiments in intact rats showed a somewhat different pattern.
While I induced rhythmic contractions for about 3 min, peptide II did so only for 2 min. However, analog III induced contractions for at least 8 min (Fig. 4) . In view of their relative inactivation patterns, one could have expected an even more pronounced differentiation of duration of action between I on the one hand and II and III on the other. Differences in permeation of the analogs into the tissue or, in the case of the in vivo study, rapid excretion, or both, may account for part of the results. Studies of tissue distribution and investigations of excretion patterns of the individual analogs (preferably radioactively labelled) are warranted not only in the rat, but also in primates including human. Topological differences between hormonal peptides not only contribute, through changes in the hydrophilic-hydrophobic balance or changes in susceptibility to enzymatic attack, to the duration of hormone action, but also account for differences in "specific activity."
Considering "specific activity"-as opposed to duration of action-the high oxytocin-like activities of oxytocin are thought to be a result of its relatively compact conformation, Note in this context that this peptide (like 1,6-aminosuberic acid analogs in general) is expected to have an unlimited shelf life, while the activity of oxytocin can diminish upon prolonged storage, likely by polymerization involving disulfide bond interchange reactions. Moreover, the lack of charged groups should increase the rate of uptake of III, allowing sublingual administration. which contains a large hydrophobic surface (5) . For example, the fact that deamino oxytocin (32) exhibits a higher oxytocic activity than oxytocin (as is generally observed with neurohypophyseal hormone analogs when the terminal amino group is replaced by a hydrogen) is probably associated with the tighter structure of the deamino analog rather than the elimination of the chemical functional group per se (5) . While Gly is, from a conformational standpoint, a good replacement for Pro, it lacks the structural rigidity of Pro (13) . Extrapolating from the proposed stabilizing effect Pro has on the 20-membered ring of oxytocin and vice versa (5), we expected that both the ring and the acyclic tripeptide sequence of II and III would exhibit a greater conformational freedom than I; a loss of compactness of structure is thought to be accompanied by a reduction of the specific uterotonic activity (determined as area measured under the peaks resulting from stimulation with the agonist, rather than height of first contraction). As a result [1,6- (33, 34) , although uterine sensitivity to oxytocin and especially to vasopressin varies during the menstrual cycle (35) . However, the recent finding of a differential sensitivity of various animal smooth muscle systems to
